Understanding the relationship between soil fertility dynamics and crop response is conceptually appealing. Even more appealing is comprehension of the spatial and temporal heterogeneity of these connections over a production surface and across seasons. Knowledge of these interactions is complicated because nutrient carryover dynamics and crop response to inputs are determined simultaneously on the one-hand, and sequentially on the other. A second problem enters when crops are rotated, for example, in the corn-soybean system commonly practiced in the Corn Belt. This paper examines the nutrient carryover-crop response nexus using data from a corn-soybean, variable-rate nitrogen (N) and phosphorous (P) experiment conducted over five years. Site-specific corn response to N and P and soybean response to P are simultaneously estimated with a P carryover equation. These estimates are used in a dynamic programming model to map site-specific optimal N and P fertilizer policies, soil P evolution, and profitability. The net present value of managing N and P site-specifically is compared to a strategy where these inputs are managed uniformly following extension guidelines. The results suggest that when P-carryover is managed, sitespecific returns to the variable-rate strategies are higher than returns to a conventional, uniform strategy. JEL Classification: C61, Q10
Introduction
Phosphorous in surface runoff and tile outflow from cropland is an important environmental problem in some areas. Among other problems, phosphorous contributes to eutrophication in lakes and ponds. Phosphorous is also a relatively expensive fertilizer. The general goal of this study was to develop a method for site-specific management of phosphorous soil fertility that took into account both temporal and spatial variability. The initial focus was on optimizing the net present value of phosphorous fertilizer with the hope of reducing phosphorous application above economic rates. This study could inform farmers, fertilizer dealers, crop production economists and those interested in better management of water and soil resources.
Managing phosphorous soil fertility is complicated by the fact that phosphorous carries over from year to year and the rate of carryover varies widely within fields. Some phosphorous fertilizer recommendations assume that soil phosphorous should be built up over time until an optimum level is reached, and then fertilizer application is reduced to maintain optimal levels (Black, 1993 for some examples). Depending on soil chemistry, the rate at which soil phosphorous accumulates varies widely within fields. In some areas fertilizer phosphorous converts almost directly as equivalent soil phosphorous. In other areas it is almost impossible to build soil phosphorous, even with large applications. This means that with uniform-rate applications, phosphorous is overapplied in some parts of fields, increasing the chance that excess phosphorous finds its way into waterways, and underapplied in other parts of fields, reducing yields and profits. Knowledge about crop response functions to inputs over the production surface and over time and information about site-specific nutrient carryover dynamics enables producers to optimally manage inputs using variable rate technologies (VRT).
One of the first analyses of the impact of nutrient carryover dynamics on VRT profitability was Schnitkey et al.'s (1996) study investigating P and K management. The results of their simulation found that precision application of P and K was profitable over a thirty-year horizon. What is unclear is how generalizable these results are to other production fields in large part because the source of the response and nutrient carryover parameters are not well-documented. Lowenberg-DeBoer and Reetz (2002) borrowed Schnitkey et al's (1996) carryover parameters to compare a VRT program that used rapid soil P and K buildup to a fertilizer program that followed a gradual nutrient build-up strategy using regional fertilizer rates recommended by research extension. They found that the economically preferred strategy was one where fertilizer applications build soil P and K to carrying capacity levels in the first year followed by maintenance applications to sustain optimal soil nutrient levels thereafter. Popp et al. (2002) simulated P carryover dynamics over a ten-year production period for a rice-soybean rotation, but their focus was on VRT, the dynamics particular to different soil types, and profitability. They found that VRT profitability over a ten year horizon depended on soil clay content.
The fundamental model shared by studies that have investigated how site-specific management is affected by nutrient carryover dynamics was originally developed by Kennedy et al. (1973) and later refined by Kennedy (1986) . In these seminal studies optimal fertilizer application was framed as a discrete time, optimal nutrient replacement problem conditional upon residual effects of fertilizer. The producer's intertemporal optimization problem was therefore complicated by the impact of fertilizer carryover from applied fertilizer and residual soil nutrients from previous applications on the time preference for money.
There are few studies investigating the effects of nutrient carryover dynamics on VRT as a fertilizer management strategy perhaps because, until recently, multi-year data sets from controlled VRT experiments with both yield and soil test data were unavailable. Another reason may be that the parameters regulating nutrient carryover dynamics are challenging to estimate. First, there is the issue of functional form choice available to describe carryover dynamics (Black, 1993, pp. 519-563) . Kennedy (1986) demonstrated that linear carryover equations are especially useful for determining the impact of residual fertilizer on input management decisions because the producer's intertemporal optimization problem with respect to fertilizer use is reduced to a Markov decision making problem. This simplification lends itself to an appealing economic interpretation with respect to sequential, intertemporal optimality conditions. Secondly, estimation of carryover dynamic coefficients is dataintensive and econometrically challenging, requiring systems of equations with the usual problems associated with endogeneity (see Jomini, 1990 as an example). This estimation challenge is further complicated by the spatial nature of VRT studies, and the fact that agronomic data is oftentimes heteroskedastic or spatially autocorrelated (Anselin et al., 2004; Hurley et al., 2003) . Additional modeling complications arise when crops are seasonally rotated (for example, soybeans following corn). This paper examines the nutrient carryover-crop response nexus using data from a corn-soybean, variable rate nitrogen (N) and phosphorous (P) experiment conducted over five years in Southern Minnesota. Site-specific corn response to N and P and soybean response to P is simultaneously estimated with a P carryover equation using three-stage least squares. The estimates are used in a dynamic programming model to map site-specific optimal N and P fertilizer policies, soil P evolution, and profitability.
The study is a departure from previous VRT studies in that production data from a multi-period, controlled variable rate application (VRA) nitrogen and phosphorous (VRA-NP) experiment are used to simultaneously estimate site-specific response functions for corn and soybean with a P carryover equation. Subsequently, the estimated parameters are used in a dynamic programming environment comparing a uniform management strategy (UNI) to three VRA management strategies, and the effects P carryover dynamics have on the intertemporal management of N and P. Although the carryover equation used in this study is different than the functional forms used in the Kennedy studies, the same optimality condition derived by Kennedy (1986) , and most recently by Thomas (2003) is obtained after differentiation of Bellman's equation and application of the envelope theorem. The results found in this study have implications for the spatial management of P and N in particular, and development of dynamic fertilizer models in general. The results are intended as a methodological example of how crop response to variable rate inputs and nutrient carryover dynamics can be simultaneously modeled.
The profitability analysis is ex post because it assumes that the producer knows, in hindsight, yield response and optimal N and P applications (Bullock and Bullock, 2000) . Ex post analyses are useful as starting points in economic assessments of solutions to management problems. While ideally such evaluations should be based on ex ante decisionmaking, ex post estimates provide insight into possible outcomes of VRA-UNI comparisons.
If ex post results are not profitable, then ex ante results are unlikely to be profitable.
Alternatively, if the ex post approach does show profitable results, there still remains the question of how well it would do in an ex ante decision making context.
Methodology

Model Development
Consider a producer who maximizes net present value (NPV) from a corn-soybean rotation system over future periods. Assume that crop response to inputs and soil fertility is heterogeneous across the production field and that plant response to inputs covaries with soil fertility. The next assumption is that the physical and chemical processes that regulate nutrient carryover (for example, chelate formation, cation exchange, and denitrification) vary continuously over the production surface. Third, assume that input factor prices and technology are constant. Fourth, the producer can choose to manage z areas site-specifically if yield response to inputs and fertility of these sites is known. Or, the producer can choose to apply a uniform fertilizer rate following extension recommendations at the beginning of production cycle m. Lastly, assume that the producer controls the level of total available phosphorous (TAP) by choosing applied fertilizer P to maximize the NPV of the mth corn- Kennedy et al. (1973 ), Kennedy (1986 , Jomini (1990) , Tré (2000) and Thomas (2003) for similar specifications). Total available phosphorous at the beginning of the mth rotation is a function of applied fertilizer P at the beginning of rotation m (F m ) and phosphorous available in the soil solution (P m ) before fertilizer application. The parameter λ measures the substitution between applied P fertilizer and soil phosphorous.
Profit in any given corn-soybean rotation m in site z is: 
is a discount factor with the opportunity cost of capital ρ. Fixed costs include, but are not limited to, soil test costs, mapping fees, and fertilizer application costs. Corn is the first crop planted by the producer at the beginning of the mth of M sequences in this rotation system (Figure 1 ). It is also assumed that no N or P is applied between corn harvest and soybean planting, and that N is not a decision variable with respect to soybean production.
A phosphorous carryover function describes the evolution of phosphorous within and between corn-soybean rotations. For development of the model consider the most general form of a state transition function: new stock = weathering + old stock + recharge -draw down. Or in the present case P m+1 = c 0 + α(P m + λF m ) -γYield m . The carryover function is identical to the function described by Kennedy (1986, page 173) , but includes an intercept term representing unavailable P tied up in the soil solution (c 0 ), and the marginal contributions of carryover P (α), applied P (αλ), and plant P use (γ) in the current state to P carryover in the next state. When the state transition function is linear the decision making sequence faced by the producer reduces to a Markov decision process. The dynamic problem is memoryless because the distribution of F m+1 , conditional on history of the process through production cycles is only determined by F m . Therefore, given F m , F m+1 is independent of the prior realizations of the process (Miranda and Fackler, 2002) . Put another way, the only history that matters is current history in this problem. All relevant information with respect to input management is embodied in the knowledge regarding the current production cycle.
Corn can use soil phosphorous from the previous corn-soybean rotation in the current mth rotation (P m ) (Figure 1 ). Part of this carryover stock is used in corn production (nutrient draw-down), some of the applied fertilizer P is converted into the soil P stock, while the remaining stock is either re-incorporated as P soil stock for soybeans in the next season or tied up in the soil solution. This conversion path of soil P following corn production (P c,m are equal because the soil physiochemical processes regulating the P-stock carryover dynamic are assumed to be the same between crop productions. Because P is not applied before the soybeans
does not appear in this carryover function. It is also assumed that applied N does not contribute to P carryover.
Assume nitrogen is applied uniformly or site-specifically. If the producer chooses SSM quasi-fixed costs are subtracted from the profit objective, including soil-sampling costs, management zone identification costs (for example, maps), and variable rate application costs (Bullock et al., 2002) . The producer choosing the UNI management strategy incurs uniform application costs which are lower than VRA costs (Aghib and Lowenberg-DeBoer, 1999) . Any soil test costs used to adjust application to extension recommended input rates are deducted from the objective of the producer choosing the UNI strategy.
The producer maximizes the expected value of the stream of future discounted profits from m to the terminal period M because production and carryover dynamics are stochastic:
The proportion of the field covered by management zone z is ω z with ∑ = 
The available soil phosphorous ( ) m P at the beginning of rotation m is the state variable and F m (applied fertilizer) is the control variable. The producer's problem is broken down into a sequence of choices made with respect to applied fertilizer P, and the recurrence relation ( ) ( )
represents the impact of these decisions.
Kennedy (1986) and Dillon and Anderson (1990) show that dynamic programming problems characterizing soil fertility management are solved recognizing that the decisions made between two periods will hold for any m m+1 sequence when the state transition function is linear. To develop these ideas, consider a producer's intertemporal optimization problem as one involving only fertilizer and carryover phosphorous. For the general case describing P management from rotation m to m + 1, increases when λ approaches zero because it is the substitutability of soil P for applied P.
Conversely, MFC decreases as λ 1. The benefit received by managing P carryover is the expression just to the left of the MFC. Therefore fertilizer P costs are reduced by optimally managing P soil stock. The optimality condition holds for any site z;
Econometric Model to Estimate P Carryover
The fertilizer carryover models of Jomini (1990) , Tré (2000) , and Thomas (2003) : estimates the site-specific yield response to total phosphorous and nitrogen for corn and total phosphorous for soybean. The yield response parameters β i are the weights that determine how much total available P and applied N are used in plant production. Hoeft and Peck (2000) estimate that about 25% of the applied fertilizer P is expected to contribute to available P stocks. The expected value of αλ should be near this value. That is, approximately 4.48 kg ha -1 of elemental P is needed to increase soil test P levels 1.12 kg ha -1 . Because P is not applied before the soybean cycle αλ does not appear in the P carryover equation following soybeans.
Crop removal estimates for corn are about 0.007 kg of P kg -1 of corn, and 0.013 kg of P kg -1 of soybeans (Hoeft and Peck, 2000) . The expected values of γ for corn and soybean should be close to these numbers, although values lower than these have been used (Schnitkey et al., 1996) .
The λ parameter measures the rate of substitution of fertilizer P for soil P
. The contribution of applied P to plant growth is appreciable when 1 ≈ λ . This parameter has no direct effect on soybean response because P is not applied in the soybean year. Likewise β 3 , β 4 , and β 5 do not appear in the soybean response equation because the focus of the field trial was not on N for soybeans.
A schematic of the carryover-production system and associated parameters is presented in Figure 2 . The system was estimated using three stage least squares. Parameter significance was tested using White's heteroskedastic-robust standard errors. Soil organic matter contents ranged from less than 2% to 10%. Phosphorous (P) soil tests ranged from very low (<5 parts per million, ppm) to very high (>15 ppm), and soil pH ranged from 6.0-8.0.
The experimental design was three replications of 13 treatments set out in a split plot arrangement of a randomized complete block design where P was the main plot. Nitrogen rates were randomized in the P treatments. Treatments were applied at constant rates in strips across the entire field. The P treatments were randomized within each replication. All treatments were repeated three times (a total of 39 strips). Nitrogen treatments ranged from 0, 67, 112, 157, and 202 kg ha -1 , while P treatments ranged from 0, 56, and 112 kg P 2 O 5 ha -1 .
Urea was applied in fall 1996, 1998, and spring 2001 (before planting). In the fall of 1998 and 2000 P fertilizer treatments were applied to the same areas within the field that had received the treatments in 1996. The experiment was designed to accommodate extra N treatment strips that would ensure zero N rate treatments were not placed in the same area as previous zero N rate treatments. 
Management Zone Determination
There are hundreds of classifications whereby management zones could be constructed. For example, management zone classifications could be organic matter, soil type, elevation, soil depth, or pH. In this study, an unsupervised K-means cluster analysis available in PROC FASTCLUS (SAS, 2000) was used to isolate clusters identifying portions of the field that exhibit similar yield response patterns. The following steps were used to identify clusters for management zone identification. First, the study site was subdivided into 69 sub-blocks following the yield response estimation methodology of Mamo et al. (2003) .
For the corn years each sub-block had 13 yield points. For the soybean years sub-blocks included 9 observations because the focus of the soybean study was not on N. This is the highest resolution with respect to identifying yield response heterogeneity of the site. Second, yield response was estimated for each sub-block using a quadratic function. Third, because the objective of this study is soil P fertility management, intercept terms corresponding with each block and each production year were used in the clustering algorithm to delineate fertility management zones. The intercept terms predict what corn or soybean growth would be without N or P fertilizer. Therefore, they represent the fertility of a given response block, conditional upon plant response to N and P. Last, the clusters were then used in Equation 8 to proxy fertility management and plant production zones.
Prices
The average market prices (1997 ( to 2001 ( , NASS, 2002 Lowenberg-DeBoer, 1998). Uniform and VRT fees are only charged before the corn production years. The NPV of the VRT strategy is compared to the NPV of returns from the UNI N and P fertilization strategy.
Cluster Analysis Results and Management Zone Characteristics
According to the cubic clustering criterion (Sarle, 1983 ) the optimal number of clusters was three, indicating that this was the optimal number of management zones using the intercept terms as fertility proxies (R 2 = 0.65). Corn and soybean yields were lowest in cluster grouping (CG) 2, and highest in CG 1 (except in 2001). CG 2 had the highest average %OM (4.51%), followed by CG 1 (4.42%) and CG 3 (4.14%). All pH test averages were similar across clusters (~7.1). CG 3 recorded the highest soil P levels (7.4 ppm), followed by CG 1 (7.2 ppm P), then CG 2 (7.0 ppm P). Potassium soil test levels were lowest in CG 2.
The yield rankings suggest that the CG 1 clusters are high fertility areas, followed by CG 3, then CG 2. Proportions of the field represented by CG 1, CG 2, and CG 3 were 26%, 25%, and 49% (Table 1) . From here on, cluster groupings CG 1, CG 2, and CG 3 correspond with management zones z 1 , z 2 , and z 3 , respectively.
Carryover and Crop Response Regression Results
Carryover Parameters
The P carryover models (equation 8) explained between 69% and 81% of the variation in the soil stock P data ( Table 2 ). The marginal contribution of soil stock P in period m m+1 was significant (α = 0.82, T = 10.69), indicating that 82% of soil P carries over into future stock. The λ parameter indicates that 25% of fertilizer P is used in corn production in any given rotation. Jomini (1990) estimated the analogue phosphate fertilizer parameter of 87% for millet in Niger, while Tré (2000) estimated a fertilizer potassium parameter of 52% for plantains in Nigeria. Phosphorous uptake efficiency by plants is compromised in soils with relatively high pH readings, and this lower value is not too surprising.
The soil P drawn-down parameters for corn (γ c = -0.00009) and soybean (γ s = -0.001)
were lower than the expected values (-0.007 and -0.013 for corn and soybean, respectively).
However, the P draw-down coefficient for soybean estimated here is similar in magnitude to those used by Schnitkey et al. (1996) and Lowenberg-DeBoer and Reetz (2002) 
Economics Analysis
Optimization Methods
The first order conditions of equation 1 with respect to N and P were simultaneously solved for a single period. Optimal values for applied P and N fertilizer were used to update yields and the P carryover equation. These new values were used as starting points in the next iteration for five rotations.
Management Scenarios
Four management scenarios were compared in the dynamic analysis. Soil P starting values for management zones 1, 2, and 3 were 16.5, 15.6, and 19.0 kg ha -1 , respectively, as determined from the P soil test value taken before the experiment (fall 1996) for all scenarios. For potassium and pH levels, the site-specific averages of potassium and pH soil test levels over the course of the experiment were used (Table 1) for all scenarios. All scenarios span five corn-soybean rotations (a ten-year time horizon). In the baseline scenario (UNI) the producer applies N and P uniformly at the extension recommendation rates of 90 kg ha -1 N (Randall and Schmitt, 2002) and 56 kg ha -1 P (Rehm and Schmitt, 1993 ) before planting corn every rotation. In scenario 1 (VRA-NP), the producer applies N and P sitespecifically. It is assumed that corn and soybean yield response to inputs is known, and economically optimal rates are applied at the beginning of each rotation. In scenario 2 (VRA-P), the producer applies N uniformly at the extension rate. Phosphorous is applied sitespecifically at an economically optimal rate. In the last scenario (VRA-N), the producer applies P uniformly at the extension rate. Nitrogen is applied site-specifically at an economically optimal rate.
As a sensitivity analysis the baseline and VRA-NP NPVs and input levels were compared when the discount rate was, ceteris paribus, (i) increased to 12.5%, (ii) the N cost kg -1 was increased to $0.10, (iii) the cost of fertilizer P was increased 10 $0.15 kg -1 , (iv) and the corn and soybean prices decreased to marketing year low values ($0.063 and $0.153 kg -1 , respectively).
Economic Results and Discussion
Comparison of Baseline and SSM Strategies
The pattern observed for P dynamics was a rapid build-up scenario when P was a decision variable, which was anticipated given the linear carryover specification (Table 4 , 5).
The rapid build-up scenario resulted in a constant NPV and corn and soybean yield levels in all rotations following the first rotation. When P was not a decision variable but N was a gradual build-up scenario for P resulted because an N carryover mechanism was not included in the optimization. The P build-up process takes longer in the baseline and VRA-N strategies because of the gradual build-up philosophy embodied in the extension recommendations. The optimal time paths for N were curvilinear, which was expected because there are no N dynamics linked to input decision-making. This resulted in suboptimal management strategies in a given site. When P was a decision variable in the producer's optimization problem, returns to variable rate management were always higher than the baseline NPV.
Optimization of site 3 was problematic in that the expected corn yields and optimal N and P input rates well exceeded experimental levels (>30000 kg ha -1 for corn, 300 kg ha -1 for P and 200 kg ha -1 for N). Expected soybean yields were only 244 kg ha -1 indicating that soybeans production was occurring in production stage three. These results occurred because the expected corn response to P in this site was very flat, with biologically optimal yield peaking around 300 kg ha -1 P. The quadratic P coefficient for this site was 95% and 98%
smaller than those observed in sites 1 and 2. Some of the year-specific responses were not concave leading to expected response curves not being well-behaved (Table 2) . Additionally the N by P interaction term in this site was relatively larger than the other sites, causing expected corn yields and applied N and P levels to overshoot experimental levels. The system of equations was re-optimized with constraints placed on N and P levels for site 3.
The upper N and P bounds chosen were determined using the corn 1999 year due to the idea that a grower probably would not exceed the good year application on average.
In general the results indicate that there is potential for higher yields in some portions of the site with better P management. Site-specific, optimal time paths for yields, N and P fertilizer, and soil P variables were similar in zone 1 under the VRA-NP and VRA-P scenarios. The expected NPV under the VRA-P strategy in site 1 was higher than the VRA-NP scenario because of the extra cost of variable rate application. This pattern was not observed in zone 2 because, unlike the N rates in zone 1 the optimal N rate in the VRA-NP scenario is considerably lower than the N rate applied following extension recommendations.
Because the optimization was constrained in site 3 the VRA-NP and VRA-P results are suboptimal as indicated by the lack of an immediate plateau of yields, NPV, soil P, and inputs following the first rotation. By the third (scenario 1) and fourth (scenario 2) rotations soil P plateaus and the change between NPV becomes negligible in the VRA-NP and VRA-P strategies.
Optimal TAP levels are constant over all rotations, and can be calculated using λ , the optimal amount of fertilizer applied at the beginning of a rotation, and the P soil stock carried over from the previous rotation (Tables 4, 5 ). In the scenarios where P was not a decision variable display a curvilinear path that gradually increases over time, approaching optimal TAP levels. Sub-optimal TAP observed in the VRA-N and UNI strategies approach optimal TAP levels after three to four rotations because of the slow build-up philosophy embodied in extension recommendations.
The VRA-NP strategy produced the largest expected NPV over the ten years ($3845 ha -1 ), followed by the VRA-P and VRA-N strategies ($3666 and $3393 ha -1 , respectively), and then the baseline strategy ($3330 ha -1 ). As a sensitivity test the system was evaluated assuming the producer had information about corn and soybean response at the whole-field (WF) level. Whole-field responses were evaluated at optimal N and TAP levels, resulting in a NPV of $3511 ha -1 with TAP starting at 83 kg ha -1 then sustained at 63 kg ha -1 each rotation.
Applied N rates were 93 kg ha -1 . In general these results are consistent with LowenbergDeBoer and Reetz's (2002) study and with the theoretical expectations of the sequential Markov chain problem. The best management strategy is to apply just enough fertilizer P at the beginning of a production sequence to reach the long run economically optimal P soil test, and then apply enough P to maintain this equilibrium in subsequent production periods.
6.2. Input/Output Price, Opportunity Cost, and Planning Horizon Sensitivity Analysis
The VRA-NP and baseline management strategies decreased by $1126 ha -1 and $935 ha -1 , respectively, when the opportunity cost of capital was increased to 12.5%. Under the VRA-NP strategy with the higher opportunity cost P and N fertilizer application only decreased by about 1 kg ha -1 . When the cost of N fertilizer was increased to $0.10 kg -1 returns to VRA-NP decreased by $7 ha -1 and the NPV of the baseline strategy increased by $62 ha -1 . This increase was not enough to change the ranking between the VRA-NP and baseline strategies. Optimal N rates under the higher N price only decreased by about 1 kg ha -1 in the VRA-NP strategy. Likewise optimal P rates and soil P carrying capacity levels only decreased by about 1 kg ha -1 when the P fertilizer price was increased. In this scenario the VRA-NP returns decreased by $22 and ha -1 , while the baseline NPV increased by $57 ha -1 . The gains in baseline strategy were not enough to change the ranking between these strategies. At the lower corn and soybean prices NPVs for VRA-NP and the baseline management strategies decreased by $468 ha -1 and $342 ha -1 , respectively, but P and N levels only decreased by about 1 kg ha -1 in the VRA-NP strategy.
To test whether P management strategies differed for owner operators and renters, a single-period corn production was optimized. The idea behind this scenario was that farmers who rent land on the typical one year lease have less of a stake in building up then maintaining P soil levels because they do not own the land. In this scenario the renter does not account for the value of carryover in deciding on an optimal fertilizer management strategy. In site 3 P applications were identical for the single and multi-period models because of the response convexity. Nitrogen application in this site was 2% less compared to the multi-period N results. In sites 1 and 2 P application levels decreased by 7% and 61%, respectively. N application decreased by 1% and increased by 11% in sites 1 and 2, respectively. In the U.S., renters with one year leases often farm the same rented land for many years. Through a series of P applications that optimize single year returns, renters can build soil P levels, but usually that build up is slower than the soil fertility increase for an owner operator.
Spatial Variability of P Build-up and Carryover and Management Implications
Inclusion of the interaction terms in the carryover equation allows α (
) and
) to be evaluated over the production surface with respect to spatial variability of pH, organic matter, and potassium. To understand the effects of these variables on P carryover, steady-state soil P levels without cropping is examined. P steady-state (PSS) is estimated as c 0 /(1 -α). These parameters were most sensitive to changes in organic matter and potassium, but not pH (Figure 4 ). Soil P build-up capacity decreases in organic-rich areas of the field, but increases in parts of the field with higher potassium levels. Soil pH does not appear to affect soil P build-up capacity, but higher pH levels decrease PSS levels. Over the relevant range of potassium levels, PSS levels increase. In parts of the field with high organic matter levels, PSS plateaus. These findings have implications for variable rate P management and P build-up strategies. In some areas of the field the best strategy is to 'feed the crop' because P build-up is not feasible because of soil P interactions with other soil characteristics. In other parts of the field a rapid build-up strategy is a feasible management alternative.
Summary and Conclusions
Estimated coefficients were used in a dynamic programming model to determine optimal N and P fertilizer policies over five corn-soybean rotations, or a ten-year horizon. A uniform management strategy was compared to three VRA strategies. The NPV of a variable rate NP management strategy was highest in all scenarios. When P alone was managed sitespecifically NPV returns were always higher than the baseline strategy. When N was managed site-specifically returns were higher than the baseline scenario, but lower than the P optimal management strategies. This result occurs because there is no mechanism linking soil N dynamics to N application decisions.
The NPV results are ex post because it is assumed the producer knows beforehand yield response functions. In other words the producer assumed in this analysis has much more information than most farmers currently have. In all cases where P was optimally managed the best strategy was to apply remedial P applications to build soil P levels up to carrying capacity, and subsequently apply maintenance levels of P fertilizer to maintain the carrying capacity. For sites 1 and 2 both this research and the extension recommendations tend toward the same long term P soil test levels; the extension rates just take longer to get there.
To our knowledge this is the first attempt to simultaneously estimate SSCRFs with a nutrient carryover equation. But there remains much work to be done with respect to estimating nutrient carryover dynamics and then applying this information in economically meaningful ways. Previous studies have relied upon simulation to estimate carryover parameters, or these parameters were cobbled together from various sources in the agronomic literature. Other studies have estimated carryover equations, but not simultaneously with crop response equations.
The results presented here are not without problems. First, there were problems with respect to response function concavity in some production years. In order to approximate reasonable input levels and yields upper bounds needed to be imposed during optimization.
Second, the study ignores sub-soil plant-nutrient dynamics. The soil test information used in this analysis applied to the 0-6 inch horizon. This is a non-trivial point given that a significant portion of plant growth occurs in and below this horizon. Soil test information taken below the 6 inch horizon would add a third dynamic dimension to the analysis.
Some studies suggest that the optimal policy in any scenario would be to build up P stock as quickly as possible. These findings are in agreement with those studies. However, this strategy is conditional upon the physical processes particular to a given field, that is, the carryover parameters that regulate P dynamics. Put another way, one size may not fit all. It should not be expected that nutrient pathways observed in one experiment are generalizable across all fields. Black (1993, page 563) ------------------------------------Soybean 1998----------------------------------- 
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